The major part of the DNA from polyoma virus has been shown to consist of circular base-paired duplex molecules without chain ends.' -' The intertwined circular form accounts for the ease of renaturation4 of this DNA and the failure of the strands to separate in strand-separating solvents. I-' In previous studiesl-3 a minor component, II, observed in variable amounts in sedimentation analyses of preparations of polyoma DNA at neutral pH, was regarded to be a linear form of the viral DNA. Both the major component I (20S) and II (16S) were infective." I In our further investigations of the minor component the following results, which are reported below, have been obtained: (1) The minor component is a ring-shaped duplex molecule. (2) It is generated by introducing one single-chain scission in component I by the action of pancreatic DNAase or chemical-reducing agents. (3) The sedimentation coefficient of II is insensitive to several single-strand scissions. (4) The conversion products, when not excessively attacked, are infective.
VOL. 53, 1965 BIOCHEMISTRY: VINOGRAD ET AL. 1105 containing 40 .ug/ml DNA. The thiols were first dissolved in 0.4 M acetic acid before addition to the DNA solution.
b Sedimentation analysis at neutral pH.
c The reaction product was assayed for infectivity: 0.5 X 103 pfu/jig DNA compared with 1.5 X 103 obtained for untreated DNA in the same assay.
d Cu + + acts as a catalyst. 16 In the absence of Cu + + or NH40H 5% conversion was observed. In the absence of SOs: no conversion occurred. 6 Mercaptoethanol, cysteine, and glutathione. In experiments with acetic acid without thiols, 10% conversion occurred.
were suggested by the observation that rigorous exclusion of impurities from the phenol, used in the isolation of the DNA, diminished the amount of the minor component II in the final DNA preparation. A simple conversion of I to II without intermediates and without detectable degradation products was observed in sedimentation analyses at pH 8.0 (Table 1) . Based on the earlier assignment1' 2 of a linear form to component II, the reactions with reducing agents and the infective nature of the products indicated a specific duplex cleavage. Dulbecco and Vogt1 reported a similar conversion of I to II with low concentrations of pancreatic DNAase. These authors postulated that a bond opposite the single-strand scission introduced by the enzyme hydrolyzed under the influence of ring strain. The foregoing puzzling results are clarified by the experiments below.
Structure of Polyoma II.-The products from the action of pancreatic DNAase and of the reducing agents (Table 1) were examined in the electron microscope. They were found to be in the circular form. Figure lb is typical of electron micrographs of materials obtained by treatment of I with pancreatic DNAase or with the several reducing agents. The possibility that linear molecules were selectively excluded in the preparation of the grids was eliminated by the results of a reconstruction experiment. A synthetic mixture of 10 per cent II and 90 per cent linear polyoma III (cf. below) showed the expected proportions of linear molecules.
The circular form for II is compatible with the proposal that the reducing agents and pancreatic DNAase introduce single-strand scissions into polyoma DNA I. It may be calculated that the circular form of the molecule should be retained until on the average about 50 single-strand scissions per molecule have been introduced. 17 The material shown in Figure lb contained, on the average, about three breaks per molecule as calculated from the Poisson distribution.
A still milder treatment with pancreatic DNAase should give rise to singlestranded rings and uniform single-stranded linear molecules in strand-separating solvents, such as alkaline NaCl or CSCl.2 18 An example of such a result with 0.6 breaks per molecule is given in Figure 2b . These two components, s8 20 were prepared by treatment of polyoma I with pancreatic DNAase, as described under Fig. 3 . (a) was withdrawn from the reaction mixture after 5% conversion of I to II; (b) after 95% conversion.
(40%0 conversion) was heat-denatured and treated with E. coli phosphodiesterase. This enzyme attacks single-stranded DNA with a free 3'OH group. It is seen that the amount of the 16S component was substantially diminished, while the 18S component was resistant to the exonuclease (Fig. 2c) . Thus polyoma DNA II can contain a wholly intact circular strand. At this level of digestion the second strand in the molecule will contain only one or two breaks if the attack is statistical.
We now examine the possibility that one single-strand scission in the duplex is adequate to convert polyoma ring I to ring II. If only one-chain scission is necessary, the rate of conversion of I to II should be the same as the rate of conversion of the 53S component (intact, denatured, double-stranded, cyclic molecules) to the slower moving single-stranded molecules in alkali. If more than one break were necessary to convert I to II, a faster rate of conversion would be seen in alkali.
Dulbecco and Vogt1 have already reported that the two rates are alike. In view of the importance of the result, we have repeated this experiment with the analyses performed in the analytical ultracentrifuge.
In Figure 3a it is seen that the alkaline analyses and the neutral analyses give, within the experimental error, the same extent of conversion, a result which confirms the Dulbecco and Vogt finding. Therefore, the conversion of I to II occurs (Fig. 4) . Component II behaved normally 18, 20 and moved faster as denaturation increased until strand separation occurred with an attendant sudden drop in sedimentation velocity at pH 11.8. Component I, like II, was at first insensitive to pH. At pH 11.5, however, the sedimentation coefficient first dropped, and then in the pH range 11.6 to 11.8 was the same as for polyoma II. Only one moving band was observed in this pH range. The sedimentation coefficient of I then increased to the very high value characteristic of the double-stranded cyclic coil previously reported.2 Essentially the same results were obtained in 1.0 M KCI solutions. The dip in the sedimentation velocity-pH curve was initially unexplainable. If, however, polyoma DNA I contains lefthanded tertiary turns, such a dip in the pH-melting profile would be required. In the early stages of denaturation some of the duplex turns, which are known to be right-handed, unwind. The unwinding of the duplex must be accompanied by a right-handed twisting of the remainder of the molecule. If the tertiary turns were originally left-handed (Fig. 5) , progressive unwinding would cause the molecule to pass through configuration I' characterized by the absence of tertiary turns. The extended configuration I' is similar to that in polyoma II (Fig. 5) and both I' and II would have similar sedimentation velocities. Further unwinding of duplex I' is accompanied by continued right-hand twisting of the whole molecule until finally the double-stranded cyclic coil2 configuration develops. may have suffered a single break during grid preparation or may have been in state I' due to denaturation induced by the spreading forces. This latter action would result in the unwinding of the twisted circles to form extended circles. The maximum number of crossovers that can be distinguished is 8, which corresponds to 4 turns or the unwinding of 40 base pairs. This limit may be low because it is difficult to count crossovers in tightly coiled forms. That the number of tertiary turns in the molecule is not large is suggested by the fact that the transition of I to I' occurs before substantial melting of II takes place, as indicated by the s versus pH plot.
With the new assignment of structure to the three components of polyoma DNA, it is found that satisfactory agreement obtains between the observed sedimentation coefficient of the linear form, 14.5S, and the 15. all been shown to be circular duplex molecules which do not strand-separate in alkali or after heating in formaldehyde. Two sedimentation velocity components differing by 20-30 per cent have been reported for the above DNA's. 27 Crawford and Black3 observed sedimentation velocity-denaturation curves that are similar to our pH-melting curve upon heating SV40 DNA and polyoma DNA in formaldehyde solutions to various temperatures. No explanation was offered for this behavior, which we interpret as indicating the presence of a left-handed, twisted circular structure. 28 Burton and Sinsheimer29 have shown that the slow component II in RF-+X DNA dissociates in alkali to form linear and circular single-stranded molecules and have concluded that both of the undenatured forms of the DNA are circular. While this communication was in preparation, Jansz and Pouwels30 reported that the pancreatic DNAase-induced conversion of I to II in RF-+X DNA represents a conversion between circular duplex molecules. No explanation for the change in the sedimentation coefficient was offered. In view of the results described here, it is likely that RF-q5X DNA is in the twisted circular form. A common mechanism for the incorporation of the tertiary turns during replication is a strong possibility, and allows us to predict that the tertiary turns in the RF-+X DNA will be found to be left-handed.
Summary.-The results of this study show that circular duplex polyoma DNA may be converted to a less compact circular duplex by introducing a single-strand scission. The viral form contains tertiary turns which appear to have been locked in during replication.
